More than 1000 group I introns have been identified in fungal rDNA. Little is known, however, of the splicing and secondary structure evolution of these ribozymes. Here, we use a combination of comparative and biochemical methods to address the evolution and splicing of a vertically inherited group I intron found at position 788 in the fungal small subunit (S) rRNA. The ancestral state of the S788 intron contains a highly conserved core and an extended P5 domain typical of IC1 introns. In contrast, the more derived introns have lost most of P5, and have an accelerated divergence rate within the core region with three functionally important substitutions that unambiguously separate them from the ancestral pool. Of 14 S788 group I introns that were tested for splicing, five, all of the ancestral type, were able to self-splice and produced intron RNA circles in vitro. The more derived S788 introns did not self-splice, and potentially rely on fungal-specific factors to facilitate splicing. In summary, we demonstrate one possible fate of vertically inherited group I introns, the loss of secondary structure elements, lessened selective constraints in the intron core, and ultimately, dependence on host-mediated splicing.
INTRODUCTION
Group I introns are large ribozymes that catalyze their own excision from preRNAs (for review, see Cech 1990 ). The two-step self-splicing reaction is often autocatalytic in vitro, but is thought to be assisted by protein factors in vivo (e.g., Lambowitz and Perlman 1990; Lambowitz et al. 1999; Solem et al. 2002) . The secondary and tertiary structure of group I introns is critical for splicing and is therefore under strong selection. This suggests that RNA structure should provide a useful tool for gaining insights into intron evolution, that is, alterations in intron structure are expected to have implications for intron splicing and thereby host fitness.
The interplay between intron RNA structure (i.e., both secondary and tertiary) and splicing has been most thoroughly studied in the model Tetrahymena thermophila large subunit (L) rRNA group I intron. This ribozyme forms a close-packed RNA structure (for review, see Cech and Golden 1999) . As a member of the IC1 subgroup (Michel and Westhof 1990) , the Tetrahymena intron contains a large P5abc domain that folds back onto the P4 and P6 paired elements (Flor et al. 1989; Costa and Michel 1995; Cate et al. 1996) . The folded P4-P6 domain (also called the folding domain) functions as a scaffold to stabilize the final ribozyme structure that includes the P3-P9 stack of paired elements and the P1-P2 substrate domain. In contrast, the two closely related group IC3 introns from Azoarcus sp. HB72 and Synechococcus PCC6301 tRNA genes have a different strategy for ribozyme activation. Instead of having extra peripheral elements like P5abc to stabilize the core, these introns appear to have undergone extensive alterations in the ribozyme core itself. For example, two basetriple interactions (P4XJ6/7) in these introns greatly increase ribozyme activity (Ikawa et al. 2000a ). The base triplets are able to weakly activate splicing in the ciliate ribozyme when introduced into a Tetrahymena intron variant lacking P5abc (Ikawa et al. 2002) . These studies demonstrate that group I introns may have different strategies for achieving autocatalysis that reflect significant alterations in the RNA structure.
Within the fungi, there is a vast array of group I introns in nuclear rDNA (>1000 introns; Cannone et al. 2002) , of which little is known about splicing and secondary structure evolution (for exceptions, see DePriest and Been 1992; Suh et al. 1999) . These introns display a diversity of evolutionary histories (e.g., mobility [Hibbett 1996; Bhattacharya et al. 2002; ; long-term vertical inheritance [e.g., ) and RNA secondary structures (see http://www.rna.icmb.utexas.edu/). In this study, we set out to understand the evolution and splicing ability of a vertically inherited group I intron in the fungal small subunit (S) rRNA at position 788 (by convention, the numbering reflects the Escherichia coli genic position). A combination of comparative and biochemical methods was used to explore RNA structure and splicing on a phylogeny of the S788 intron.
RESULTS AND DISCUSSION

Secondary structure and self-splicing of fungal S788 introns
We studied the family of fungal nuclear S788 group I introns. Of the 25 currently known S788 introns (when counting introns from closely related species as a single entry; see Table 1 ), none have thus far been shown to encode a homing endonuclease gene, therefore making it more likely that these introns are vertically inherited (see also phylogenetic analyses below). Analysis of the predicted RNA secondary structures of these introns revealed a very similar overall folding of the ribozyme, with the exception of the peripheral P5 region (Fig. 1) . The P5 domain varies from having a P5abcd extension typical of the IC1 intron subgroup (i.e., Geosmithia virida, Penicillium oblatum, Delitschia didyma [hereafter referred to as the +P5ext introns]) to being extremely short (i.e., Lecanora dispersa, Buellia georgei [hereafter referred to as the −P5ext introns]). Figure 2 shows an alignment of the S788 intron sequences. Four potential long-range RNA-RNA interactions (see inset in Fig. 2 ) appear to be exclusively found in the +P5ext Long-term evolution of a group I intron www.rnajournal.org introns, including interactions between (1) GAAA tetraloops in L5b and L9, and 11-nt receptors in P6 and J5/5a, respectively (Costa and Michel 1995; Ikawa et al. 2000b ), (2) the A-rich bulge and the P4 paired element (Cate et al. 1996; Ikawa et al. 2002) , and (3) the highly conserved A in J4/5 that is involved in defining the universally conserved G·u wobble pair in P1 (Michel and Westhof 1990; OrtolevaDonnelly et al. 1998; Strobel et al. 1998) . The GAAA/11-nt receptor interaction between L9 and the P5 region might, however, be replaced by other types of RNA-RNA contacts (e.g., Jaeger et al. 1994; Lehnert et al. 1996) . In at least three of the −P5ext introns (Baeomyces [see Fig. 1 ], Dimerella, and Acarospora) there are potential loop-loop base pairings between L9 and L5 (P17; see Lehnert et al. 1996) . The P2 and P8 elements contain a high degree of sequence variation, but no clear structural or functional differences could be assigned to these regions. A strictly conserved UAG motif is found in the junction between the P2 and P2.1 elements . Boxed positions were used together with the core positions (249 nt) to infer the phylogeny of the S788 introns. Positions in P5abc domain were also used in the 249-nt data set, but are not present in the Baeomyces placophyllus intron. The three circled positions unambiguously distinguish the short from the long introns in a character analysis using the ML tree inferred from the 68-nt core data set (see Fig. 6A ,B).
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RNA, Vol. 10, No. 7 FIGURE 2. Sequence alignment and structural features of fungal S788 group I introns. The sequences are aligned strictly according to their putative RNA secondary structures (indicated above and under the sequences), including the internal guide sequence (IGS). Long-range RNA-RNA interactions that were found only in the introns with long P5 extensions (+P5ext) are shown on the schematic secondary structure model (boxed). The 11-nt GAAA receptors identified here vary slightly from the consensus motif (CCUAAG…UAUGG; see Costa and Michel 1995) . The S788 introns are inserted into unitunicate ascohymenials (UA), bitunicate ascohymenials (BA), Acarosporaceae (A), or Eurotiomycotina (Eur) ascomycete fungi. Vertical bars to the right of the aligned sequences identify introns with short (−P5ext) or long (+P5ext) peripheral P5 regions. The number of intron nucleotides in front of the IGS is shown in parentheses.
(positions 122-124 in Baeomyces, Fig. 1 ). In the Tetrahymena ribozyme, the central A is thought to play a role in tethering P1 into the active site .
To test the S788 introns for self-splicing ability, 14 introns that included members with differing P5 structures (see Figs. 1, 2) were amplified with PCR (including flanking exons) and cloned for in vitro expression. Pre-RNA was in vitro transcribed from linearized plasmids and subjected to conditions that favor self-splicing (see Materials and Methods for details). RNA products from time-course experiments were run on 5% PAGE gels and ethidium-bromide (EtBr) stained for visualization. To detect weak splicing not visible by EtBr staining, we also used the splicing reactions as templates for reverse transcription (RT) and PCR (RT-PCR) using primers that recognize the flanking exons. For four of the introns, the RNA products corresponding to the sizes of the free intron and the ligated exons could be readily visualized on EtBr-stained gels ( Fig. 3A-D ; summarized in Fig. 5 , below, and Table 1 ). In addition, our RT-PCR approach amplified a product consistent with the size of the ligated exons for Delitschia. This product was also found for FIGURE 3. In vitro splicing analysis of fungal S788 introns. (A-D) Intron RNAs were subjected to conditions favoring self-splicing in time-course experiments and run on polyacrylamide gels. Precursor RNAs (Pre), ligated exons RNA (LE), excised intron RNAs (Int), 5Ј and 3Ј exon RNAs (5ЈE and 3ЈE), and intron circle RNAs (circle) are indicated. RNA circles were identified by running the RNA samples under different buffer conditions and looking for mobility shifts relative to the ladder. RNAs that most likely correspond to reopened circles are indicated by asterisk (*) and RNAs of unknown nature are marked with a question mark (?). (E) The RNA samples that were in the splicing reaction for 60 min were also used as templates in RT-PCR reactions using flanking exon primers to detect low levels of self-splicing. PCR-amplified DNA corresponding to ligated exons (LE) was run alongside the samples as control. The lane marked with (−) is the negative control. the four self-splicing introns that were detected directly on the RNA gels (Fig. 3E) . No bands were detected for the other introns (see Fig. 3E ). Sequencing of the RT-PCR products confirmed correct exon ligation (data not shown). Interestingly, the five introns that were found to self-splice in vitro (see Fig. 5 , below) are all S788 introns that encode P5 extensions (+P5ext; Fig. 1) .
In addition to self-splicing, group I introns can also catalyze side reactions including 3Ј splice site (SS) hydrolysis and intron RNA circle formation (Inoue et al. 1986; Golden and Cech 1996; Haugen et al. 2002; Nielsen et al. 2003) . In an RT-PCR approach, we amplified products corresponding to the circle junctions for all of the five S788 introns demonstrated to self-splice in vitro (data not shown). Amplified products were sequenced and the circle junctions were determined for each intron (summarized in Table 1 ). Circles were identified for all introns shown to self-splice.
The P1 or a P1-like structure was found by folding the internal guide sequence of the introns to the sequence immediately upstream of the circle junctions. Therefore, of the 14 S788 group I introns tested for in vitro activity, five were able to self-splice and produced full-length or 5Ј-truncated intron RNA circles (summarized in Table 1 ).
S788 introns in ascomycete fungi have a single origin in their common ancestor
To address the issue of S788 intron origin in the ascomycete fungi, we compiled a data set containing the ribozyme core region (115 nt) of the S788 introns and other introns that are of the highest frequency in ascomycete SSU rDNA. A summary of the neighbor-joining (NJ) intron phylogeny inferred from this data set is shown in Figure 4A (the original tree is available upon request from DB). This tree sup-FIGURE 4. Phylogeny of ascomycete nuclear group I introns in SSU rDNA. (A) Summary of a NJ-JC tree that incorporates a broad sampling of fungal introns. Twenty-one S788 introns and 26 introns from six other SSU rDNA sites (the number of introns representing each site is shown in parenthesis) show phylogenetic clustering based on the site of insertion. Bootstrap values above the internal nodes were inferred from a NJ-JC (left), or NJ-Kimura 2 (right) analysis, whereas minimum evolution-JC (left) and maximum parsimony bootstrap values are shown below the nodes. Only bootstrap values Ն60 are shown. The thick branches denote >95% posterior probability for groups to the right resulting from a Bayesian inference (GTR + ⌫ model). The separation of the distantly related subgroup IE and IC introns is highly supported. (B) The ML tree (GTR + ⌫ model) shown at left is based on an alignment of 249 nt from the S788 introns. Bootstrap values above the internal nodes were inferred from a minimum evolution-GTR + ⌫ analysis, whereas ML-quartet-puzzling values (Tamura-Nei + ⌫ model) are shown below the nodes. Only bootstrap or puzzle values Ն60 are shown. The thick branches denote >95% posterior probability for groups to the right resulting from a Bayesian inference (GTR + ⌫ model). Juxtaposed to the intron tree is a cladogram showing the putative phylogenetic relationships among fungi (Lutzoni et al. 2001; F. Lutzoni and V. Reeb, pers. comm.) . The relative positions of basidiomycetes (Basidio), ascomycetes (Asc), unitunicate ascohymenials (UA), bitunicate ascohymenials (BA), Acarosporaceae (A), Eurotiomycotina (Eur), and Lichinales (Lic) are shown. The oldest known ascomycete fossil (400 million years old; Taylor et al. 1999 ) and the estimated time of split of the ascomycete and basidiomycete fungi (600-620 million years ago; Redecker et al. 2000) are shown. Introns with a short peripheral P5 region are referred to as "−P5ext" introns and are shown in italic text (see Figs. 1, 2 ).
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www.rnajournal.org ports the phylogenetic clustering of ascomycete introns on the basis of their site of insertion in SSU rDNA. The S788 clade has significant Bayesian support and moderate bootstrap support, thus suggesting the origin of S788 introns in ascomycetes through a single insertion in their common ancestor. This result is in agreement with previous studies of rDNA group I intron evolution that incorporate a broader sampling of introns from different insertion sites (e.g., Bhattacharya 1998; Tanabe et al. 2002; Bhattacharya et al. 2003; Haugen et al. 2003; . Our results do not, however, formally exclude the possibility that introns from sources other than those that were included in the phylogenetic analyses could be related to the ascomycete S788 introns.
Phylogeny of the S788 introns and structural implications
Given that there is reasonable evidence for a common origin of ascomycete S788 introns, then what is likely to have been the ancestral state of this intron? To gain insights into this question, we specifically aligned all of the S788 introns and reconstructed their phylogenetic history. A maximum likelihood (ML) tree of the S788 intron sequences using the 249-nt data set, with Sporobolomyces dimmenae (Basidiomycota) as the outgroup, is shown in Figure 4B . The basidiomycete fungi are sister to the ascomycetes (e.g., Lutzoni et al. 2001 ) and therefore, as would be predicted, the S788 intron in Sporobolomyces is phylogenetically distantly related to the ascomycete introns. To test whether the S788 intron has been laterally transferred among ascomycetes, we generated a cladogram that represents present knowledge of fungal relationships (e.g., Bhattacharya et al. 2000; Lutzoni et al. 2001; F. Lutzoni and V. Reeb, pers. comm. [see also the Deep Hypha site, http://lsb380.plbio.lsu.edu/network%20folder/ network%20proposal]). Also indicated on the cladogram are the dates of the oldest known ascomycete fossils (400 million years old; Taylor et al. 1999 ) and the estimated time of split between the ascomycete and basidiomycete fungi (600-620 million years ago; Redecker et al. 2000) . Comparison of the intron (Fig. 4B, left) and host (Fig. 4B, right) trees shows that in spite of low resolution over many nodes in the intron tree (typical for these short sequences, e.g., , that there is generally good topological congruence over many regions that are well supported with both bootstrap and Bayesian analyses. This suggests that the S788 intron has been vertically inherited among most fungi in the tree. Two noteworthy topological conflicts with significant support are the positions of Heppia adglutinata and of the two closely related species, Geosmithia virida and Penicillium oblatum (marked with asterisks in Fig. 4B ). These introns are potential candidates for lateral transfer within the ascomycetes. In the Heppia case, the intron is most closely related to other S788 introns in the Eurotiomycotina (Eur in Fig. 4B ), whereas the host cell is a member of the Lichinales (Lic). This suggests a group I intron lateral transfer into Heppia from a Euromycotina source. In contrast, Geosmithia and Penicillium are members of the Euromycotina, but contain S788 introns from a more ancestral ascomycete donor. Interestingly, the +P5ext introns, whether they are vertically inherited or originate through a potential lateral transfer (except Pyrenula cruenta), are positioned at the base of the intron tree, with a relatively long branch separating these sequences (after the divergence of Delitschia) from the generally shorter −P5ext introns. Although this branch does not have significant bootstrap or Bayesian support, it suggests that the presence of P5abcd is the ancestral condition in the S788 introns and that the −P5ext introns represent a derived state, potentially as a result of a single deletion event (e.g., by unequal crossing over) or possibly stepwise deletions in the P5 region. In either case, we expect that clear hallmarks of the deletion(s) would be erased by random genetic drift or by lineagespecific adaptations that have occurred since the split of the +P5ext-and −P5ext-containing fungi. This event took place sometime after 400 million years ago, following the separation of ascomycete and basidiomycete fungi (see host cladogram in Fig. 4B ). Given this hypothesis, then Pyrenula appears to have retained (or possibly independently reverted back to) the ancestral intron state with a larger P5 domain.
In an attempt to understand the differences in intron structure and phylogeny between the −P5ext and +P5ext introns, we created a second intron alignment that contained sequences only from the central core of the ribozyme (dark-gray shaded area in Fig. 1 ). The core data set excluded potentially confounding phylogenetic signal found in the less well-conserved, peripheral intron regions. In Baeomyces, the 68 core positions correspond to nucleotides 152-171, 186-197, 239-263, and 289-301 . Phylogenetic analyses were done as described above with the 68-nt data set (Fig.  5) . Even with only 68 characters, we were able to recover much of the same branching pattern found in the former intron tree. The support for origin through lateral transfer of the Heppia, Geosmithia, and Penicillium introns is increased in the core tree. The resolution among groups and the branch lengths of the +P5ext introns were, however, greatly reduced. This indicates that the ribozyme core is relatively more highly conserved in the self-splicing than in the remaining introns, most likely reflecting stronger selection for retaining ribozyme activity. Clearly, exclusion of the peripheral regions from the ML analysis lowered phylogenetic signal in the +P5ext intron clade. Consistent with these ideas, the average pairwise evolutionary distance between introns in the 249-nt and the core (68-nt) data sets, using the Tamura-Nei + ⌫ evolutionary model, differed by a factor of 1.8 (−P5ext = 0.49, +P5ext = 0.88). In contrast to the 249-nt data set, the separation of the +P5ext and −P5ext intron clades was significantly supported by the Bayesian and TreePuzzle analyses of the core region. These findings indicate a higher rate of intron sequence divergence after the split of Delitschia.
To better understand the nature and distribution of sequence changes in the S788 introns, the ML tree inferred from the core alignment (Fig. 5 ) was used in a character analysis using MacClade V4.05 (Maddison and Maddison 2002) . This approach allowed us to identify nucleotides that define each branch in the core intron tree. Of the 68 core positions, three were found to unambiguously separate the −P5ext from the +P5ext introns. These three positions were mapped onto the secondary structure of the Baeomyces group I intron (circled in Fig. 1 ). To illustrate this analysis, Figure 6A shows the distribution of nucleotide changes for one of the three positions (core position 27; corresponding to position 192 in Baeomyces) on the core tree. The ancestral state "G" (black branches) changes into an "A" (gray branches) after the divergence of Delitschia and later changes to a "C" (Heppia adglutinata and Dermatocarpon americanum [open branches]) or reverts back to the ancestral state "G" in Buellia. Two of the core positions that distinguish the +P5ext and −P5ext intron clades are known to be involved in triplet interactions that are important for bridging the P4-P6 folding domain to the P3-P7 domain ). These interactions stabilize the ribozyme core and are particularly important for stabilizing a specific subgroup of small group I introns (IC3; Ikawa et al. 2000a ).
The stepwise changes of all 68 core positions are shown in Figure 6B , demonstrating that in addition to the three positions mentioned above, changes have occurred throughout the intron core. This result is more consistent with a scenario of lowered selection pressure across the entire core of the −P5ext S788 introns rather than with positive selection acting on a small number of sites to facilitate the coevolution of the introns and a particular splicing factor. In summary, the ancestral state of the S788 intron appears to be an intron with a highly conserved core and an extended P5. In contrast, the −P5ext S788 introns have accumulated many more nucleotide changes in the core region, with three of these changes unambiguously defining the split from the ancestral state. Despite these major differences in secondary structure and in vitro splicing, the S788 introns are presumably all absent from mature SSU rRNA. Large sequence insertions such as group I introns would undoubtedly be deleterious for the host organism. In support of this idea, RT-PCR analyses confirmed in vivo intron excision for six of the fungi used in this study (summarized in Table  1 ; data not shown).
Can S788 intron splicing be rescued by Cyt-18 or by TP30?
Because all S788 introns must be removed from the precursor rRNA in vivo, we wanted to test the idea that the loss of the P5abcd paired elements (and splicing activity under our in vitro conditions) could be compensated by protein factors that stabilize the ribozyme structure. In an attempt to rescue self-splicing of the S788 introns, we incubated the inactive −P5ext introns in the presence of the Cyt-18 protein (provided by A. Lambowitz) under conditions favoring Cyt-18 activity (Guo and Lambowitz 1992) , our standard splicing conditions, or variations of these two (see Materials and Methods for details). Cyt-18 is known to assist splicing in several introns by mimicking the role of P5abc (for review, see Lambowitz et al. 1999) . Even though the Neurospora crassa positive control intron-RNA (⌬ORF mtLSU) was readily activated by Cyt-18, we found no evidence of splicing rescue of the −P5ext S788 introns (Fig. 7) . In ad-FIGURE 5. The phylogeny of S788 group I introns. This is an ML phylogenetic tree inferred from the 68 positions defined as the S788 intron catalytic core (see Fig. 1 for details) . Bootstrap, quartet-puzzling, and Bayesian analysis were done as described in Fig. 4B . On the right side of the tree is a summary of the in vitro splicing results, and indicate efficient (+++), moderate (++), low-level (+), or no (−) in vitro self-splicing under our conditions. Thick vertical black lines indicate introns with an extended P5 region, whereas thick vertical gray lines indicate a short P5. The "−P5ext" intron clade is indicated with an arrow.
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In a similar approach, we also tried to rescue intron activity by adding a purified mixture of ribosomal proteins isolated from Escherichia coli (TP30; provided by G. Culver). We considered TP30 to be a reasonable candidate to activate the introns, perhaps in a more nonspecific fashion than Cyt-18, because ribosomal proteins are colocalized with nuclear group I introns, and they normally bind and stabilize large, structured RNAs. The S788 intron preRNAs were incubated in the presence of TP30 under various conditions, including conditions favorable for reconstitution of the 30S ribosomal particle (Culver and Noller 1999) and our standard splicing conditions. Again PAGE gels and RT-PCR analyses failed to provide evidence of intron activation. These experiments, although not exhaustive, suggest that we have either not found the correct conditions for Cyt-18-and TP30-mediated splicing rescue, or perhaps more likely, that fungal-specific factors are required to activate autocatalysis in the −P5ext S788 introns. Other potential factors that might have influenced our Cyt-18 splicing results are the existence of kinetic traps in the folding of the RNAs, the absence of a RNA chaperone (like stpA; e.g. Mayer et al. 2002) , or the lack of coupling between intron excision and translation.
Parallel evolution of fungal rDNA group I and spliceosomal introns?
Previously, we and others have reported the existence of many putative spliceosomal introns in the nuclear rDNA of lichen fungi (Bhattacharya et al. 2000 (Bhattacharya et al. , 2003 Cubero et al. 2000) . These introns are widespread in rDNA, but found exclusively among euascomycetes, thus supporting a relatively recent origin in this group (Bhattacharya et al. 2000) . The source of these invading introns remains unclear. Although they could have been transferred (e.g., through reverse-splicing; for review, see Logsdon et al. 1998 ) from existing introns in euascomycete pre-mRNA genes, the intriguing possibility remains that they are degraded, previously mobile group I introns. Supporting the second sce-FIGURE 7. Incubation of fungal S788 introns in the presence of Cyt-18. Intron RNAs were subjected to self-splicing conditions in the presence of Cyt-18 (provided by A. Lambowitz) in time-course experiments and run on polyacrylamide gels. The results of an experiment using buffer conditions favoring Cyt-18 activity (Guo and Lambowitz 1992) are shown. A representative gel including the ⌬ORF mtLSU positive control intron RNA (Myers et al. 2002) and two S788 intron RNAs (Acarospora and Lecanora) incubated in the presence (+) or absence (−) of Cyt-18 are presented. For the ⌬ORF mtLSU intron precursor RNAs (Pre), ligated exons RNAs (LE), and excised intron RNAs (Int) are readily seen. Cyt-18 assisted self-splicing was not observed for the tested S788 introns. FIGURE 6. Analysis of the catalytic core region of the S788 intron. (A) Nucleotide changes at core position 27 is mapped on the intron "core" tree (i.e., the tree shown in Fig. 5 ). The different nucleotide states are marked as black (G), gray (A), or white (C). Position 27 is one of three positions (27, 37, and 45) that unambiguously separate the long from the short introns. (B) The number of stepwise nucleotide changes at each position in the catalytic core. The RNA-secondary structure position of each core site (nucleotide) is shown at bottom.
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nario is the finding in maize of a spliceosomal intron that originated from a transposable element (Giroux et al. 1994 ). It has also been hypothesized that autocatalytic group II introns may have been the original source of spliceosomal introns in eukaryotes (e.g., Cavalier-Smith 1991; Cousineau et al. 2000; Eickbush 2000; Dickson et al. 2001 ). However, no data have provided direct evidence for an evolutionary link between particular autocatalytic and spliceosomal introns.
We speculate that the observed reduction in intron size, elevation in the mutation rate, and the apparent evolution of protein dependency seen in the S788 intron could culminate, in some cases, into the complete loss of group I intron RNA activity and spliceosome-mediated excision. This process would initially be gradual with the stepwise degeneration of the group I intron coincident with the evolution of protein-dependent splicing. This scenario fits well our S788 data; however, conclusive evidence is still lacking and would come from the finding of a remnant rDNA group I intron that lacks splicing-critical regions but is still recognizable as a ribozyme. A potential explanation for why we have not yet found such candidates, in spite of extensive sampling (e.g., Bhattacharya et al. 2003) , is that group I intron structural hallmarks would likely disappear rapidly through genetic drift, like that proposed for protein-mediated excision of spliceosomal introns.
MATERIALS AND METHODS
PCR, plasmid construction, and DNA sequencing
Group I introns inserted at position S788 were PCR amplified and cloned into a pGEM-T vector (Promega). To obtain template DNA for PCR reactions, DNA was isolated from Lecanora dispersa (ATCC #18293), Geosmithia virida (ATCC #56972), Penicillium oblatum (ATCC #56978), and Myriosclerotinia scirpicola (gift from T. Schumacher) using the Puregene DNA Isolation Kit (GENTRA Systems) following the manufacturer's protocol for filamentous fungi. Total genomic DNA extracts from Rinodina cacuminum and Buellia georgei (gift from G. Helms), Acarospora complanata, Pyrenula cruenta, and Baeomyces placophyllus (gift from F. Lutzoni), Ascolacicola austriaca, Barrmaelia oxyacanthae, Rhynchostoma minutum, and Delitschia didyma (gift from K. Winka), and Physcia stellaris (gift from D. Simon) were used directly as templates in PCR reactions. DNA templates were added to standard PCR reactions using primers PR 58 (5Ј-AACGAAAGTTAGGGGATCGA A-3Ј) and PR 59 (5Ј-TTTAAGTTTCAGCCTTGCGA-3Ј) to amplify the S788 intron along with a 27-bp region of the 5Ј exon and a 140-bp region of the 3Ј exon. Amplified PCR products of expected size were isolated from 1% agarose gels using the QIAquick gel extraction kit (QIAGEN) and ligated into pGEM-T vectors using the pGEM-T vector system (Promega). Plasmid constructs were confirmed by DNA sequencing using the ABI PRISM 3100 Genetic Analyzer (Applied Biosystems) and the Big Dye terminator chemistry (Applied Biosystems) following the manufacturer's instruction, and named according to the new proposed nomenclature of group I introns in ribosomal DNA (Johansen and Haugen 2001; see Table 1 ). Intron sequences that were found to contain sequence differences from the GenBank equivalent data have been given new GenBank accession numbers (see Table 1 ).
In vitro transcription and splicing
Using a modified version of a previously described protocol (Milligan and Uhlenbeck 1989) , RNA was transcribed from linearized plasmids containing the intron and some (167 nt) flanking exon sequence. Restriction enzymes used to linearize the plasmids are listed in Table 1 . Reactions contained 2 mM rNTPs (each), 7 mM MgCl 2 , 40 mM Tris-HCl (pH 7.9), 3 mM spermidine, 0.01% Triton X-100, and 5mM dithiothreitol, 5U of T7 RNA polymerase (Stratagene) and ∼1 µg of linearized plasmid in a total volume of 20 µL. Transcriptions were left at 37°C for 90 min. In 15-30-µL reactions, RNA transcripts were subjected to our standard selfsplicing conditions by incubation at 50°C over a time course of 0-60 min under the conditions described by Johansen and Vogt (1994) [40 mM Tris-HCl (pH 7.5), 25 mM MgCl 2 , 1 M KCl, 2 mM spermidine, 5 mM dithiothreitol, and 0.2 mM GTP]. RNA was run on a 5% polyacrylamide/8 M urea gel and stained with EtBr for visualization with a UV lamp. Intron RNAs that were spliced in the presence of Cyt-18 (gift from A. Lambowitz) were subjected to our standard conditions as described above, in 24-µL reactions as previously described by Guo and Lambowitz (1992) [100 mM KCl, 5 mM MgCl 2 , 20 mM Tris-HCl (pH 7.5), 5 mM dithiothreitol, and 0.2 mM GTP for 60 min at 37°C], or subjected to intermediates of these two conditions (see below). First, 42°C was identified as an intermediate temperature that allowed both the ⌬ORF mtLSU and the S788 introns to splice in their respective buffers. At 42°C, intermediate splicing buffers were tested by eliminating spermidine from the standard high-salt buffer (i.e., there is no spermidine in the Cyt-18 buffer), and increasing the magnesium concentration from 5 mM to 15 mM in the Cyt-18 buffer. Intron RNAs spliced in the presence of TP30 (gift from G. Culver) were subjected to conditions as described by Culver and Noller (1999) [330 mM KCl, 80 mM Hepes (pH 7.6), 20 mM MgCl 2 ] with 0.2 mM GTP added in 10-20-µL reactions, and incubated at 42°C for 60 min. Alternatively, the standard conditions were used. An approximate 1:1 molar ratio of intron RNA:TP30 was used under both conditions (∼8 pmole each). After incubation, the RNA was extracted once with phenol:chloroform and run on a 5% PAGE gel or used as template in RT-PCR reactions (see below).
Detection of ligated exons and intron circle formation by RT-PCR
RT-PCR was used to detect intron splicing by targeting RNAs corresponding to ligation products of the exons flanking the S788 intron. Template RNAs were total RNA extracts isolated from fungal tissue samples using the RNAeasy kit (QIAGEN), or the products of in vitro splicing reactions as described above. Firststrand synthesis was done using Superscript II reverse transcriptase (Invitrogen) and primer PR 59 in a standard reaction as recommended by the manufacturer. Three microliters of the 20 µL RT reaction was subsequently used as template in a standard PCR reaction with primers PR 58 and PR 59. Products were run on 2% 1× TBE agarose gels. Amplified DNA, consistent in size with ligated exons, was purified from the gel and DNA sequenced. To Long-term evolution of a group I intron www.rnajournal.org approximate the lower level for detection of splicing in the RT-PCR approach, we did serial dilutions (up to 10 −7 ) of the Barrmaelia (splicer) and Lecanora (non-splicer) splicing reactions (60 min). RT-PCR analyses of these templates (as described above) showed that we could detect ligated exons up to the 10 −4 dilution of the Barrmaelia product, whereas ligated exons were not detected using any of the Lecanora dilutions (data not shown). This suggests that our RT-PCR approach was reasonably sensitive for detecting intron splicing. In a similar approach, intron RNA circle junctions were also determined by using RT-PCR. Primers used for first-strand synthesis were PR 74 (5Ј-CCCCCACCGACATCTA GT-3Ј; Penicillium oblatum), PR 70 (5Ј-GGAGATCCCCGCAATT T-3Ј; Barrmaelia oxyacanthae), PR 76 (5Ј-GGGCGAACCCAGCG TAGG-3Ј; Ascolacicola austriaca), PR 73 (5Ј-CATCCTGAACGTT GTTA-3Ј; Geosmithia virida) and PR 77 (5Ј-GGCTGCGGATTTC CTGTA-3Ј; Delitschia didyma), and the primers added to the PCR reactions were PR 69 (5Ј-CCCCTAAGATATAGTCGA-3Ј), PR 71 (5Ј-CCCTGTAGTGGATGCAGT-3Ј), PR 75 (5Ј-TGCAGYTCAC AGACTAAA-3Ј), PR 72 (5Ј-CCTGCAACCAAGCGCTA-3Ј) and PR 75, respectively.
Phylogenetic analyses
To test the monophyly of the S788 introns, we compiled a data set containing 21 S788 introns (closely related taxa were excluded to minimize the data set; i.e., Physcia aipolia, Acarospora cf. dissipata, Geosmithia virida, and three of the four Myriosclerotinia species) plus an additional 26 group I introns inserted into six other SSU rDNA sites (S516, S943, S1199, S1210, S1506, and S1516). The 26 introns were sampled from ascomycete fungi and the insertion sites were chosen because they represent the most frequently occupied positions in SSU rDNA. The final data set contained 115 nt from the catalytic core region and the phylogeny was inferred using the NJ method with a distance matrix calculated with the Jukes-Cantor (JC) evolutionary model (distances could not be calculated for these divergent data when using more complex models, e.g., LogDet, Tamura-Nei) and the MEGA 2.1 software (Kumar et al. 2001) . We used Bayesian analysis (MrBayes V3.0b4, Huelsenbeck and Ronquist 2001) to calculate posterior probabilities of the nodes resolved in the intron NJ tree. Metropoliscoupled Markov chain Monte Carlo from a random starting tree was initiated in the Bayesian inference and run for 2 million generations. Trees were sampled each 100 cycles. Four chains were run simultaneously, of which three were heated and one was cold, with the initial 1,000,000 cycles (10,000 trees) being discarded as the "burn-in". Stationarity of the log likelihoods was monitored in each analysis to verify convergence by 1,000,000 cycles (results not shown). A consensus tree was made with the remaining 10,000 phylogenies to determine the posterior probabilities at the different nodes. We also used four different bootstrap analyses to calculate support values for the intron tree. These were NJ-JC, NJKimura 2 (2000 replicates each), unweighted maximum parsimony (200 replicates), and minimum evolution-JC (2000 replicates). All analyses but the NJ-Kimura 2 (done with PAUP* V4.0b10, Swofford 2002) were done using MEGA. The intron alignment is available upon request from D.B.
Two different data sets were prepared for the detailed S788 group I intron phylogenetic analyses of taxa in the +P5ext and −P5ext groups. The first contained all unambiguously aligned positions in the data set (249 nt), whereas the second included only the sites in the ribozyme core (68 nt; see Fig. 1 ). Both alignments are available upon request from D.B. Intron trees were inferred from the 249-and 68-nt data sets using the ML method implemented in PAUP*. Hierarchical likelihood ratio tests were done to identify the best-fit evolutionary model for the intron data sets (MODELTEST V3.06; Posada and Crandall 1998) . This analysis showed the general time reversible model (Rodríguez et al. 1990) with the ␥ correction to accommodate rate variations across sites (GTR + ⌫) as fitting best both intron data sets. The GTR + ⌫ model was, therefore, used in the ML analyses. Starting trees were built stepwise (10 random additions) and optimized with the tree bisection reconnection branch-swapping algorithm.
The stability of nodes in the intron ML trees was tested with bootstrap analysis (2000 replications) using the NJ method and distance matrices calculated with the GTR + ⌫ model (using PAUP*). We also used Bayesian analysis as described above. The GTR + ⌫ model was used in the analysis of the 68-nt data set, whereas we used the GTR model with site-specific ␥ parameters for the core (68 nt) and the remaining positions in the 249-nt data set. And finally, we implemented quartet-puzzling maximum likelihood analysis of the 249-and 68-nt data sets with TREE-PUZZLE V5.0 (Schmidt et al. 2002) using the Tamura-Nei (Tamura and Nei 1993) + ⌫ model (10,000 puzzling steps) to infer support for nodes in the ML trees.
